The presence of hypoxic regions within solid tumors is associated with a more malignant tumor phenotype and worse prognosis. To obtain a blood supply and protect against cellular damage and death, oxygendeprived cells in tumors alter gene expression, resulting in resistance to therapy. To investigate the mechanisms by which cancer cells adapt to hypoxia, we looked for novel hypoxia-induced genes. Methods: The transcriptional response to hypoxia in human glioblastoma cells was quantified with the use of serial analysis of gene expression. The time course of gene expression in response to hypoxia in a panel of various human tumor cell lines was measured by real-time polymerase chain reaction. Hypoxic regions of human carcinomas were chemically marked with pimonidazole. Immunohistochemistry and in situ hybridization were used to examine gene expression in the tumor's hypoxic regions. Results: From the 24 504 unique transcripts expressed, 10 new hypoxia-regulated genes were detected-all induced, to a greater extent than vascular endothelial growth factor, a hypoxia-induced mitogen that promotes blood vessel growth. These genes also responded to hypoxia in breast and colon cancer cells and were activated by hypoxia-inducible factor 1, a key regulator of hypoxic responses. In tumors, gene expression was limited to hypoxic regions. Induced genes included hexabrachion (an extracellular matrix glycoprotein), stanniocalcin 1 (a calcium homeostasis protein), and an angiopoietin-related gene.
Normal tissues maintain a balance between cellular proliferation and oxygen supply. This balance is altered in solid human tumors, resulting in focal regions with oxygen levels far below those encountered in surrounding normal tissue (1) . The cells in these regions either adapt to this hypoxic stress or die. Adaptation to a low-oxygen environment has serious consequences. For example, hypoxic tumor cells have a higher resistance to radiotherapy and certain chemotherapies (2) . Hypoxia can promote a higher mutation rate (3) and select for a more metastatic and malignant phenotype (4, 5) . These observations raise the question: What are the molecular mechanisms by which cancer cells adapt to hypoxia and by which mechanisms do these detrimental effects occur?
An initial molecular response to hypoxia is increased levels of hypoxiainducible factor 1 (HIF-1) protein (6) . This transcription factor is a key regulator of hypoxia-driven apoptosis, growth arrest, and tumor vascularization. HIF-1 is also linked to oncogenesis by the von Hippel-Lindau tumor suppressor protein (vHL), which controls HIF-1 levels by proteolysis (7) .
Reduced oxygen availability in the tumor can trigger a variety of cellular mechanisms, including cell cycle arrest, apoptosis, glycolysis, and angiogenesis. A powerful hypoxia-induced mitogen for endothelial cell growth is vascular endothelial growth factor (VEGF), which plays a critical role in the development of tumor vessels (8) . In addition to hypoxia regulation, VEGF expression is stimulated by oncogenic mutations. Other important secreted proteins are angiopoietin family members. ANG2 causes reversion of vessels to a less differentiated state that promotes vessel remodeling (8) . Inhibiting tumor angiogenesis provides an opportunity for therapy, and disruption of VEGF or its receptor is being evaluated (9) . Genes yet to be discovered may influence angiogenesis in response to hypoxia, either in concert with these mitogens or separately.
To locate genes specific for hypoxic cells that contributed to angiogenesis or other pathologic effects of tumor hypoxia, we studied the global expression pattern of malignant cells by varying only oxygen concentration. A human glioblastoma multiforme (GBM) cell line was our hypoxia response model, since glioblastomas are rapidly proliferating brain tumors in which focal necrosis and extensive vascular proliferation are readily recognized (10) . We used serial analysis of gene expression (SAGE) (11) for the initial comparison. SAGE allowed us to select the genes most potently induced by hypoxia from nearly all expressed genes. In addition to observing many known hypoxiaresponsive genes, we identified a set of 10 novel hypoxia-inducible genes. Using real-time polymerase chain reaction (PCR) and in situ techniques on tumor sections, we also showed that these genes are often induced by hypoxia in a variety of solid tumors and specifically in the critical hypoxic regions of human tumors.
MATERIALS AND METHODS

Cell Lines and Tumor Samples
Cell lines were grown with the use of standard cell culture techniques either in equilibrium with atmospheric oxygen or in an Environmental Chamber (Sheldon Manufacturing, Cornelius, OR) with 1.5% oxygen, which approximates the tumor hypoxia levels (12) for hypoxic conditions. Microelectrode measurements showed that diffusion of oxygen through the culture medium did not alter the oxygen concentration near the cells. In addition, no measurable change in the cell medium pH was detected after exposure to hypoxic conditions. Biopsy specimens of oropharyngeal carcinomas that were labeled with pimonidazole hydrochloride (Hypoxyprobe-1; Natural Pharmacia International Inc., Raleigh, NC) and iododeoxyuridine (IdUrd) were obtained during diagnostic examination of the patients under anesthesia after the patients gave written informed consent. Pimonidazole, a bioreductive marker, and IdUrd, an S-phase marker, were injected intravenously 2 hours and 20 minutes, respectively, before biopsy, as described previously (13) . Institutional approval was obtained for this study. The panel of 17 cell lines represented short-term cultures of five GBMs, six medulloblastomas, two colon carcinomas, two breast carcinomas, and one non-small-cell lung cancer and short-term culture of one normal human astrocyte (Clonetics, Walkersville, MD).
Serial Analysis of Gene Expression
Messenger RNA (mRNA) was isolated from normal and hypoxic cells, and SAGE libraries were constructed as described previously (11) . Approximately 2000 plasmid clones from each library were purified and sequenced as part of the Cancer Genome Anatomy Project (CGAP) (14) . SAGE software v 3.04 (K. Kinzler, The Johns Hopkins Medical Institute, Baltimore, MD) was used to extract a total of 132 360 valid tags and to compare tag frequencies among libraries. Unique transcript tags were identified as described previously (15) with the use of an updated list of possible SAGE tags from the human transcriptome. Gene names and sequences were obtained by matching SAGE tags to the predicted SAGE tag from primate complementary DNA (cDNA) GenBank entries or human UniGene clusters that had a poly-A signal and/or a poly-A tail. Gene-expression increases predicted by SAGE were calculated by dividing the fraction of the particular SAGE tag in the hypoxic library by the fractional representation in the normal library. For tags not detected in normal oxygen, expression was set to one per 65 000 tags, the minimum detection level, to avoid division by zero. Complete SAGE tag counts are deposited at the CGAP SAGEmap web site (http://www.ncbi.nlm.nih.gov/SAGE/) under library names "SAGE Duke H247 normal" and "SAGE Duke H247 hypoxia."
Real-Time PCR and Western Blot Analysis
RNA from the various cell lines was purified and converted to cDNA with the use of random hexamer primers and reverse transcriptase to preserve the relative mRNA profile and produce a template suitable for PCR. Real-time PCR from this cDNA template was performed with the use of a thermocycler with continuous fluorescence-monitoring capabilities (LightCycler™; Roche Diagnostics, Indianapolis, IN) and SYBR ® Green I (Molecular Probes, Eugene, OR) to analyze the kinetics of PCR product accumulation. PCR conditions and data analysis were reproduced as described previously (16) with the exception that 0.5 M PCR primer and 500 M of each deoxynucleoside triphosphate were used. Primers specific for a 221-base-pair (bp) segment of ␤-actin were used to confirm cDNA integrity and normalization of cDNA yields. Primers specific for each hypoxia-inducible gene were designed with 140-to 240-bp products (all primer sequences available upon request). The relative expression levels were determined in duplicate by comparison to a serially diluted standard with the use of the thermocycler software.
For western blot analysis, total cell lysates were prepared from cells grown either at normal oxygen or at 1.5% oxygen for the indicated times. Protein (75 g) was separated by electrophoresis for each sample and was transferred to a polyvinylidenedifluoride membrane. The mouse monoclonal M75 antibody-containing lysate was diluted 1 : 5 and incubated with the membrane for 30 minutes, followed by incubation with horseradish peroxidaseconjugated goat anti-mouse immunoglobulin (Jackson ImmunoResearch Laboratories Inc., West Grove, PA). Bound antibody was visualized by chemiluminescence with the use of the SuperSignal West Pico substrate (Pierce Chemical Co., Rockford, IL). The molecular weights were determined with the use of a prestained protein ladder.
HIF-1 Transfection
The D247-MG cell line was transfected in sixwell plates with the use of Transfast (Promega Corp., Madison, WI) and a full-length cDNA clone for HIF-1␣ in pEBB plasmid (Novus Biologicals, Littleton, CO). A ␤-galactosidase expression plasmid was used for the negative control. The cells designated as hypoxic were cultured at normal oxygen conditions for 5 hours after transfection and were transferred to 1% oxygen conditions for 19 hours. Normal oxygen transfections were harvested 24 hours after transfection.
Immunohistochemistry
Immunohistochemical staining for CA9 was performed on 5-to 8-m fresh frozen tissue sections with the use of the mouse monoclonal G250 antibody (gift of E. Oosterwijk, University Medical Center, Nijmegen, The Netherlands) at a dilution of 3.2 g/mL. The slides were fixed with acetone and blocked with horse serum; they were then sequentially incubated at room temperature with primary antibody, biotinylated secondary antibody, and avidin-biotin horseradish peroxidase complexes. Bound antibody was detected with the use of 3,3Ј-diaminobenzidine and hydrogen peroxide, counterstained with 1% hematoxylin, and permanently mounted.
For visualization of pimonidazole and IdUrd, 5-m sections were placed in precooled acetone at 4°C for 10 minutes, air-dried, and rehydrated with phosphate-buffered saline (PBS). Tissue DNA was denaturated in 2 N HCl for 10 minutes. To neutralize pH, we rinsed the sections in 0.1 M Borax and then in PBS. Sections were incubated for 45 minutes at 37°C with 1 g/mL anti-IdUrd (clone IU-4, raised in mouse; Caltag Laboratories Inc., Burlingame, CA) and rabbit anti-pimonidazole 1 : 200 in polyclonal liquid diluent (PLD). Next, sections were incubated for 90 minutes at room temperature in goat anti-rabbit ALEXAFLUOR488 (Molecular Probes) and goat anti-mouse Cy3, both 1 g/mL in PLD. Between incubations, the sections were rinsed in PBS and finally mounted with Fluorostab (EuroDiagnostica, Arnhem, The Netherlands).
In Situ Hybridization
Nonradioactive in situ hybridization was performed with the use of digoxigenin-labeled antisense RNA probes. PCR was used to generate 350-to 600-bp products specific to each hypoxiaoverexpressed gene (HOG), and these products were subcloned into pBluescript KS-(Stratagene, La Jolla, CA). After growth in Escherichia coli, the plasmid was cut at a unique poly-linker site to create a linear probe. Digoxigenin-labeled RNA probes, from both the sense and the antisense strands, were generated with the use of the digoxigenin RNAlabeling reagents and either the T7 or the T3 polymerase (Roche Diagnostics). Alternatively, the T7 promoter was incorporated into an antisense primer, and the RNA probes were generated as described earlier (17) . Fresh, frozen sections were cut to 8 m for in situ hybridization and processed as described previously (17) .
Statistical Analysis
SAGE software v 3.04 was used to calculate the statistical significance of the differences in the numbers of SAGE tags between hypoxic and normal libraries, based on a Monte-Carlo simulation as described previously (18) . The cutoff P values from this program were used as an aid to select candidate differentially expressed genes but were not relied on as evidence of differentially expressed genes, since this approach cannot account for errors in the mapping of tags to genes. A cutoff P value of .01 was used for consideration of a candidate hypoxiainduced gene. Although this level of significance introduced statistical false-positives when we considered 24 504 different transcripts (as compared with the usual, more restrictive level of P<.001), independent testing by real-time PCR (or published reports of hypoxia induction) was used to exclude these genes from Table 1 and from further analysis.
RESULTS
Normal and Hypoxic Malignant Transcriptomes
To derive a model for the study of hypoxic expression changes, we cultured human glioblastoma cells either in 1.5% oxygen for 24 hours or in normal atmospheric oxygen. Real-time PCR analysis showed that three of 10 GBM cell lines induced VEGF transcript levels threefold or more (not shown), and one of them, D247-MG, was selected because it had the highest VEGF levels in response to hypoxia. Two SAGE libraries were constructed from hypoxic D247-MG cells and the normal oxygen control. A total of 132 360 SAGE tags were sequenced that clustered into 24 504 unique transcripts expressed. Between the two libraries, fewer than 0.5% of the genes had a statistically significant difference in expression.
We focused our analysis on the hypoxia-induced genes (Table 1) , which included glycolytic enzymes, VEGF, and five other previously known hypoxiaresponsive genes (referenced in Table 1 ). In addition, we identified 10 novel hypoxia-responsive genes. Some of these genes, such as the gene encoding the hepatic fibrinogen/angiopoietin-related protein (HFARP), have been investigated but have not been associated with hypoxia control. Three are novel genes that have only been identified as partially expressed sequence tags or cDNAs that encode for hypothetical proteins. We have designated these genes collectively as HOGs. There was no obvious amino acid sequence homology for the new HOGs to other GenBank entries that might provide additional insight for gene function.
Confirmation, Time Course, and HIF-1 Response
From the 32 genes that were predicted by SAGE to be induced by hypoxia, 10 were reported previously as hypoxia induced, and there were 10 additional genes that we could confirm by real-time PCR. These 20 genes are shown in Table 1 . Twelve genes predicted to be induced by SAGE were excluded from Table 1 because real-time PCR showed a less than twofold induction in a separate experiment (seven genes) or because we could not obtain a robust real-time PCR assay (five genes). Statistical false-positives in the SAGE data were not unexpected, since we used a high cutoff P value of .01 to locate more hypoxia-responsive genes.
A time course of induction was performed on 12 of the 20 verified hypoxiainducible genes with the use of real-time PCR (Fig. 1, A) . These genes all had a time course similar to that of VEGF, except for carbonic anhydrase IX (CA9), N-myc downstream-regulated 1 (NDRG1), HFARP, and hypothetical protein FLJ20500 (HOG18), which had a higher-fold induction of transcript levels. Most of the genes required a 12-hour exposure before appreciable hypoxia induction, implying an adaptation to chronic, rather than to acute, hypoxia. Western blot analysis, using an antibody to CA9, showed that protein levels were increasing, which was similar to the transcript level time course (Fig. 1, B) . We tested HOG18, hypothetical protein DKFZp434K1210 (HOG3), HFARP, CA9, insulin-like growth factor-binding protein 5 (IGFBP5), and insulin-like growth factor-binding protein 3 (IGFBP3) to see whether these genes might be regulated by HIF-1. VEGF, an HIF-1-regulated gene, was used as a positive control (19) . Standard transient transfection was able to insert the HIF-1␣ subunit gene plasmid (or a lac-Z control plasmid) into about 20% of the D247-MG cells, as demonstrated by ␤-galactosidase staining. All of the above genes showed a reproducible increase in expression due to HIF-1␣ at both atmospheric and 1% oxygen (Fig. 2, A) .
HOG Induction in Other Common Cancers
The same 12 confirmed HOGs with time course data were assessed in a panel of 17 cell lines. We observed a hypoxia induction in many, but not in all, of the 12 genes, and the induction of these genes showed no tissue specificity (Fig. 2, B) . Cultured normal human astrocytes were largely unresponsive, with only one gene induced over threefold compared with an average of 5.2 genes for the malignant cell lines.
CA9 had the greatest magnitude of induction among the 12 genes and was induced in the greatest number of tumor cell lines. A virtual northern blot analysis of 83 tumor and normal tissues archived at the CGAP SAGEmap database (14) showed that hypoxic D247-MG had the highest CA9 expression (>40 transcripts per cell). There was slight expression in three other tumors (<10 transcripts per cell), and there was no expression in 15 different types of untransformed adult cells. This pattern of expression is consistent with CA9 expression mainly in hypoxic malignant cells.
In Vivo Studies
Although the HOG response was reproducible in cancer cell lines, in vivo response in human solid tumors could differ. Pimonidazole (20) was used to accurately mark the hypoxic cells (13) of cervical or head and neck tumors. Staining of adjacent frozen sections allowed us to determine whether HOG expression colocalized with pimonidazole and other markers. Our first attempt showed a nearly identical expression pattern between pimonidazole and CA9 antibody staining in two squamous cell carcinomas from the oropharynx (Fig. 3, A, B, D, and  F) . In addition, expression of CA9 was not found in rapidly proliferating cells stained with IdUrd or in necrotic debris (Fig. 3, C) . RNA in situ hybridization of NDRG1 also showed colocalization with hypoxia (Fig. 3, E and F) . Similar results were obtained with cervical carcinomas (images not shown).
The in vivo RNA expression pattern of HOGs was analyzed in situ in two glioblastomas, without the aid of the pimonidazole marker (Fig. 3, G-O) . CA9 antibody stained live cells (Fig. 3 , G and J) adjacent to necrotic regions in both tumors, showing that the CA9 staining was not an artifact of pimonidazole. Four more HOGs-BCL2/adenovirus E1B 19-kdinteracting protein 3 (BNIP3) (Fig. 3, H and K), NDRG1 (Fig. 3, I and L), HFARP (Fig. 3, O) , and IGFBP3 (Fig. 3, M) -as well as VEGF showed this perinecrotic expression pattern. In addition to perinecrotic staining, IGFBP3 stained endothe- lial cells (Fig. 3, N) , but this was the only time high HOG expression was observed in nonhypoxic cells in tissue sections.
DISCUSSION
A quantitative comparison was made between RNA expression levels in normal oxygenated and hypoxic human glioblastoma cells. Glioblastomas were chosen because they grow rapidly, show a high degree of neovascularization, and have readily identifiable regions of necrosis where VEGF is secreted. In a glioblastoma cell line that retained a VEGF response to hypoxia, we identified 20 HOGs, which include novel genes, genes encoding enzymes that hydrolyze sugar, angiogenic signaling genes, and apoptotic/stressresponse genes. For 10 of the 20 HOGs, hypoxia response has not been reported previously, and induction was greater than that of VEGF. Brain, breast, colon, and lung cancer cell lines all responded to hypoxia; of six HOGs tested, all were HIF-1 controlled. In situ colocalization with pimonidazole showed distinct expression of CA9, NDRG1, and IGFBP3 in the hypoxic regions of human squamous cell and cervical carcinomas. Glioblastomas also showed expression of six tested HOGs in cells adjacent to necrotic foci.
CA9, a unique member of the carbonic anhydrase family, was the most consistently induced gene in this study, and expression of CA9 was not apparent in a wide survey of normal adult tissues. CA9 is a biomarker for renal cell and cervical carcinomas that is being targeted for therapeutic purposes (21, 22) . CA9 is regulated by vHL in renal cells through degradation of HIF-1␣, is increased by vHL mutations, and shows perinecrotic staining in various tumors (23, 24) .
In addition to VEGF, several HOGs have a potential or documented role in angiogenesis. The angiopoietin-related gene (HFARP) encodes a secreted protein reported to protect endothelial cells from apoptosis (25) . Although HFARP expression was originally thought to be limited to only a few tissues, this study shows that HFARP expression is hypoxia induced in commonly occurring cancers, which raises the possibility that interference with the secreted HFARP protein might inhibit angiogenesis in tumors.
Hexabrachion (HXB, tenascin C), an extracellular matrix glycoprotein, promotes endothelial cell sprouting with basic fibroblast growth factor (26) , and expression is associated with angiogenesis in breast cancers, gliomas, and lymphomas (27) (28) (29) . Antibodies specific to HXB can inhibit angiogenesis (30) , and antisense therapy halts vascular thickening of pulmonary arteries (31) .
Two insulin-like growth factor-binding proteins (IGFBP3 and IGFBP5), stanniocalcin 1 (STC1), and macrophage migratory-inhibitory factor (MIF) showed up as HOGs, with evidence pointing toward a function in endothelial cells, in addition to tumor cells. IGFBP3 was expressed in the endothelial cells of our tumors, and its expression in ovarian endothelial cells has been associated with vascular proliferation (32) . IGFBP5 and STC1 were both identified as vascular endothelial cell markers in tumors (17) . STC1 was induced during endothelial cell differentiation in an in vitro model (33) . Anti-MIF antibodies suppressed proliferation of endothelial cells and slowed the growth of murine adenocarcinomas (34) .
In addition to their role in angiogenesis, HOGs appear to be involved in modulating cell survival. BNIP3, a mitochondrial protein that activates apoptosis, was recently shown to be hypoxia controlled (35) . Another HOG, NDRG1, likely plays a role in cell cycle arrest and is mutated in a mendelian disorder, the Lom form of hereditary motor and sensory neuropathy (Online Mendelian Inheritance in Man OMIM Database #601455) (36) . Overall, the expression profile induced by hypoxia suggests a balance of signals regulating the cell cycle, apoptosis, and angiogenesis.
Cancers can adapt rapidly to environmental challenges, which partially explains why single-modality cancer therapy has not been as successful as multiagent therapy. This work documents a more complete set of genes whose function may be to allow the tumor to adapt to hypoxia. A practical application of these genes is as hypoxia-based prognostic markers. Some of the HOGs reported here should be more specific for hypoxic conditions in contrast to VEGF, which is expressed in normal tissues and undergoes substantial regulation independent of hypoxia. More importantly, the products from such genes may be tumor-specific targets for therapy. On the basis of the observation that many angiogenesis-related genes are hypoxia induced, it is possible that successful targeting of the right combination of HOGs could result in the disruption of the growth of blood vessels in tumors.
